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Air Oxidation Behavior of Two Ti-Base Alloys
Synthesized by HIP

Abstract: The oxidation behavior of Ti-5Al-2.5Sn and
Ti-6Al-4V produced by hot isostatic pressing (HIP) has
been studied at 650–850°C in air for 24 h. The oxidation
kinetics of both alloys followed the parabolic law with
good approximation, except for Ti-5Al-2.5Sn oxidized at
850°C. Multi-layered scales formed on both alloys at 750°
C and 850°C. Ternary additions of Sn and V accounted for
the different morphology of the scales formed on these
two alloys. In addition, the oxidation behavior of HIP
alloys is compared with that of the corresponding cast
alloys and the scaling mechanism is discussed.
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Introduction

Pure Ti and Ti-base alloys are widely used in aerospace,
automotive and biomedical industry due to their high
strength-to-weight ratio, good mechanical properties
and corrosion resistance [1]. However, poor oxidation
resistance and high oxygen solubility restrict their appli-
cation at high temperatures. Many researchers have
investigated the oxidation behavior of pure Ti [2–6] and
the relative Ti-base alloys [5, 7–16]. The oxidation beha-
vior of pure Ti below 1,000°C was controlled by the
inward diffusion of oxygen in TiO2 which is an n-type
semiconductor and contains oxygen ion vacancies [2, 17].
The addition of Al improves the oxidation resistance of Ti
by modifying the oxidation mechanism due to the forma-
tion of a protective layer of alumina [9, 10, 18].

The hot isostatic pressing (HIP) technology, com-
monly applied for aerospace, watercraft and automobile
industries, has been developed particularly to produce
the components with complicated shapes for its potential
economical convenience with respect to the conventional
processing methods [19]. The Ti-based alloy components
synthesized by this process have various advantages such
as fine grain size and homogeneous microstructure and
no internal defects, showing good mechanical properties
close to those of the wrought alloys [20].

The present work was designed to investigate the
oxidation behavior of the two alloys Ti-5Al-2.5Sn and Ti-
6Al-4V made by HIP technique and to determine the
upper limit temperature of application in air. The air
oxidation behavior of the two HIP alloys is finally com-
pared with that of the corresponding cast alloys.

The corrosion behavior of cast alloys with composi-
tion similar to Ti-6Al-4V has been widely studied in
various atmospheres, such air [11, 14, 17], H2/H2O [5],
H2/H2O/H2S [5], water vapor [3] at various temperature
from 650 to 950°C, while only a single study has con-
cerned the oxidation of a conventional Ti-5Al-2.5Sn alloys
[9]. Conversely, the oxidation behavior of Ti-base alloys
produced by HIP has never been reported so far.

Experimental

The alloys used for this study are denoted as Ti-5Al-2.5Sn
and Ti-6Al-4V, respectively (all in mass%, if not other-
wise specified). Ti-5Al-2.5Sn is a single α phase, while
Ti-6Al-4V is composed of a mixture of the two phases α
and β. The microstructures of the two alloys are shown in
Figure 1: the dark strip-like β particles of Ti-6Al-4V are
evenly distributed in α substrate.

The two alloys Ti-5Al-2.5Sn and Ti-6Al-4V [19–21]
were prepared by powder metallurgy (PM) HIP process.
Pre-alloyed powders with particle size less than 250 μm
were prepared by electrode induction melting gas atomi-
zation process. The powders were put into cylindrical
metal capsules under pressures varying from 120 to 150
Mpa for 2–4 h. The temperature was controlled between
920°C and 940°C. The average grain size of the two HIP
alloys was around 30 μm.
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The Ti-6Al-4V specimens with a size of 10 � 8 � 1.5 mm
and the cylindrical specimens of Ti-5Al-2.5Sn with a dia-
meter of around 10 mm and 2 mm thick were cut from
ingots using a line saw and a 1 mm hole was drilled near
one edge. All the specimens were mechanically abraded
on successively finer abrasive papers down to 2,000 grit
and finally cleaned with water, acetone and ethanol and
dried immediately before each test. The oxidation experi-
ments were carried out in a microbalance Setaram B-92.

All the HIP alloy samples used in this work were
oxidized in air for 24 h at 650, 750 and 850°C, respec-
tively. The corroded samples were examined by means of
scanning electron microscopy (SEM), generally using the
back-scattered electron image (BEI) mode, energy disper-
sive X-ray microanalysis (EDX), and XRD to study the
structure of the scales, to identify the nature of the
phases and their distribution.

Results

Corrosion kinetics

The kinetic curves for the oxidation of Ti-5Al-2.5Sn and
Ti-6Al-4V for 24 h in air at 650–850°C are shown sepa-
rately in Figures 2(a) and 3(a) as linear plot and in
Figures 2(b) and 3(b) as parabolic plots, respectively.

After an initial period of slow rate of mass gain for
the first 0.1 h, denoted as an incubation period, the
corrosion kinetics of Ti-5Al-2.5Sn at 650°C followed the
parabolic rate law with a parabolic rate constant (kp)
equal to 3.52 � 10−12 g2 cm−4 s−1. Conversely, the kinetic
curves at 750°C were more complex because, after an
initial incubation period, they followed two parabolic
stages connected by a period lasting from 2.5 h to 10 h
during which the mass gain first decreased and then
increased, indicating the spallation and cracking of the
scales. The kp for the first parabolic stage, lasting from
0.1 h to 2.5 h, was equal to 4.83 � 10−11 g2 cm−4 s−1, while

the kp for the second parabolic stage, lasting from 10 h to
24 h, was equal to 2.50 � 10−10 g2 cm−4 s−1. At 850°C, the
oxidation of Ti-5Al-2.5Sn initially (from the start to 1.5 h)
obeyed approximately the parabolic rate law with a kp
equal to 1.595 � 10−8 g2 cm−4 s−1, and then followed the
linear law with a rate constant kc equal to 5.94 � 10−7 g
cm−2 s−1 up to the end of the test.

The oxidation of Ti-6Al-4V, at all temperatures fol-
lowed the parabolic rate law after an initial incubation
period of variable durations and of small rates of mass
gain. At 650°C, the parabolic period lasted from 0.5 h to
24 h with a kp equal to 2.82 � 10−11 g2 cm−4 s−1. The
oxidation kinetics at 750°C followed the parabolic law
from 2.3 h up to 24 h with a kp equal to 4.86 � 10−10 g2

cm−4 s−1 after a transition period presenting an increase
of the instantaneous slope of the parabolic plot. At
850°C, the parabolic period lasted from 2 h to 24 h with
a kp value equal to 4.47 � 10−9 g2 cm−4 s−1.

For both alloys, the mass gains during the oxidation
after a fixed time increased with temperature, especially
in going from 750°C to 850°C.

(b)(a)

200 μm 20 μm

Figure 1: Optical microstructure of Ti-5Al-2.5Sn (a) and Ti-6Al-4V (b)
alloys. (a) single α phase; (b) dark ¼ β phase, light matrix ¼ α phase.
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Figure 2: Kinetic curves for the oxidation of Ti-5Al-2.5Sn in air at
650, 750 and 850°C for 24 h: (a) linear plots; (b) parabolic plots.
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Morphology and structure of the scales

The scale formed on Ti-5Al-2.5Sn oxidized at 650°C for
24 h (Figure 4) was compact and contained mainly TiO2

with some Al in solution, as shown by the EDX results.
At 750°C (Figure 5), the scale was mainly composed of
a porous TiO2 layer with a thickness of around 20 μm
which was overgrown by a thin layer of about 3 μm
composed of a mixture of Al and Ti oxides. In addition,
a small part of the inner layer close to the interface
with the outer layer was rich in Sn. According to the
EDX results the scale formed at 850°C (Figure 6) was
divided into two layers. The outer zone was composed
of a mixture of oxides of Al and Ti. In addition, the
Al2O3 particles were agglomerated into large regions
with a ribbon-like shape and were perpendicular to
the alloy surface and surrounded with voids. The
inner layer was made of pure TiO2 and was more
compact than the outer region. In addition, Sn particles
were distributed within the inner sub-layer of TiO2 and

were aggregated into a thin layer of the base alloy
close to the interface with the scale.

The scale formed on Ti-6Al-4V after 24 h at 650°C
(Figure 7) was mainly composed of TiO2 and Al2O3

according to the XRD result. The darker regions of the
scale close to the scale/gas interface were rich in Al2O3.
Moreover, close to the alloy the scale was porous and
peeled off from the matrix. At 750°C (Figure 8), the scale
morphology was similar to that formed at 650°C but
thicker and more porous. The sandwiched sub-layers of
Al2O3 were parallel to the scale/alloy interface and
spalled off from the TiO2 sub-layers. This phenomenon
was more evident at 850°C (Figure 9).

Discussion

Mechanism of formation of the scales

Rutile is a n-type semiconductor caused by an oxygen
deficit and the activation energy for the diffusion of

0 1 2 3 4 5

(Time, h)1/2

0

5

10

15

20

M
as

s 
ga

in
, m

g/
cm

2

(a)
850ºC
750ºC
650ºC

0 5 10 15 20 25

Time, h

M
as

s 
ga

in
, m

g/
cm

2

0

4

8

12

16

20(b)
850ºC
750ºC
650ºC

Figure 3: Kinetic curves for the oxidation of Ti-6Al-4V in air at 650,
750 and 850°C for 24 h: (a) linear plots; (b) parabolic plots.

5 μm

Figure 4: Micrograph (SEM/BEI) of a cross section of Ti-5Al-2.5Sn
oxidized in air at 650°C for 24 h.

10 μm

Figure 5: Micrograph (SEM/BEI) of a cross section of Ti-5Al-2.5Sn
oxidized in air at 750°C for 24 h.
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oxygen within this oxide is much lower than that of
titanium. Thus, at relatively low temperatures the growth
of TiO2 in the oxidation of pure Ti is mainly due to the
inward diffusion of oxygen. However, above 1,000°C
both Ti and O contribute to the growth of the oxide by
diffusing in opposite directions.

The growth mechanism of the scales formed on the
Ti-Al alloys has been rather extensively investigated [9,
10, 18, 22, 23]. Du et al. [5] proposed that the oxides of Ti
and Al nucleate at active sites on the alloy surface and
grow simultaneously. However, later Al2O3 is wrapped up

by TiO2. Conversely, Maximovitch et al. [9] claimed that
the oxidation of Al occurs only when the Al content
exceeds 12.5 wt%. TiO2 forms at both the scale/alloy
and the scale/gas interface due to the inward diffusion
of oxygen and the outward diffusion of Ti through the
TiO2 layer with a large density of defects. Al also can
diffuse outward to the outer region of the scale to form
Al2O3 due to a displacement reaction with TiO2.
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Figure 6: Micrograph (SEM/BEI) of a cross section and XRD spectrum of Ti-5Al-2.5Sn oxidized in
air at 850°C for 24 h: (a) general view, (b) enlarged view of the selected area of (a), (c) XRD
spectrum.

5 μm

Figure 7: Micrograph (SEM/BEI) of a cross section of Ti-6Al-4V
oxidized in air at 650°C for 24 h.

10 μm

Figure 8: Micrograph (SEM/BEI) of a cross section of Ti-6Al-4V
oxidized in air at 750°C for 24 h.
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Typical scales formed on dilute Ti-Al alloys contain two
layers [7, 24]. The external layer with large columnar
crystals and huge voids is formed by an outward diffu-
sion of cations and is composed of a mixture of TiO2 and
Al2O3 where Al2O3 is mainly distributed in the inner
region. This structure is partly attributed to the fact that
the solubility of Al2O3 in TiO2 decreases with an increase
of the oxygen pressure [22]. The inner thick layer with
fine grains and numerous small voids is mainly com-
posed of TiO2. Beyond that, other structures involving
the presence of alternate layers of rutile and alumina
have also been observed [5, 11, 14].

The reactivity of the various metals involved in the
composition of the present alloys with oxygen increases
in the order of Sn, V, Ti and Al. Therefore, when Ti-Al
alloys with additions of V or Sn are oxidized in air, Al and
Ti react with O to form the corresponding oxides.
Conversely, Sn is stable as such in the scale and agglom-
erates into large metal particles. V is oxidized into VO2

and then into V2O5 [25]. However, V2O5 in the scale close
to the scale/gas interface is exposed to volatilization due
to its low melting point (670–690°C).

The protective scale formed on Ti-5Al-2.5Sn at 650°C
is mainly promoted by the outward diffusion of Al and Ti.
As the oxidation temperature raises to 750°C, the rate of
the inward diffusion of oxygen increases more rapidly
than that of the outward diffusion of Ti and Al and
becomes the dominating factor for the growth of the
scale, resulting in the exclusive growth of the TiO2 at
the scale/alloy interface. However, by oxidation at 850°
C all the elements are able to diffuse quickly: the outward
diffusion of Ti and Al results in the growth of the outer
layer of Ti and Al oxides, while the inward diffusion of
oxygen results in the growth of the inner TiO2 layer. In

addition, this TiO2 layer is divided into two sub-layers,
the outer region being more porous than the inner zone.
It is proposed that the porous structure results from a
transformation of an initially compact layer due to the
recrystallization of TiO2. During the recrystallization of
the new formed TiO2 layer, most of Sn is segregated
back into the base alloy, while the remaining fraction is
kept in the scale.

However, by oxidation at 650 and 750°C there is no
enrichment of Sn in the substrate, probably because at
lower temperatures the scales are thinner and the content
of Sn segregated from the scale into the alloy is not
sufficient to form a thin layer of Sn.

The growth mechanism of the scales formed on Ti-
6Al-4V has already been investigated [11]. A thin TiO2

scale formed on the alloy due to its high growth rate at
the gas/alloy interface during an initial stage. Later on,
Al diffuses outward to form Al2O3 at the gas/TiO2 inter-
face, while oxygen diffuses inward and reacts with Ti at
the scale/alloy interface. This double-layered oxide scale
grows up to a critical thickness and then cracks partly
from the base alloy due to the accumulation of growth
stresses at the alloy/scale interface. This detachment pre-
vents the outward diffusion of Al and Ti, while oxygen is
still able to diffuse inward. As the oxygen pressure
increases, the above oxidation process is repeated and
forms the double-layered scales. This mechanism is
demonstrated by the enrichment of the Al oxide in the
upper side of the sub-layers.

The structure of the scales formed on Ti-5Al-2.5Sn
differs from that of the scales formed on Ti-6Al-4V, espe-
cially at 850°C, due to the different nature of the alloying
elements of the two alloys. Some researchers believe that
the addition of V is detrimental for the oxidation resis-
tance [26] by reducing the activity of Al in Ti-6Al-4V and
suppressing the formation of Al2O3. In addition, the oxi-
dation states of V in the inner layer of the scale are þ 5
and þ 4 [25]. It is assumed that V4þ ions dissolved into
TiO2 scale take the interstitial positions and consequently
decrease the concentration of interstitial Ti4þ ions.
According to Wagner–Hauffe theory [27], the presence
of V5þ is expected to reduce the concentration of inter-
stitial Ti4þ ions. Therefore, the outward diffusion rate of
Ti4þ decreases and the thickness ratio between the out-
ward- and inward- growing sections of the scale
decreases. Al2O3 forms at the outer region of the layer.
When the initial double-layered scale reaches a critical
thickness, it spalls off from the base alloy. However, the
addition of Sn has no clear effect on the mass gains in the
oxidation of Ti-based alloys [26]: for Ti-5Al-2.5Sn, accord-
ing to the scale morphology, Sn dissolves slightly in TiO2.

25 μm

Figure 9: Micrograph (SEM/BEI) of a cross section of Ti-6Al-4V
oxidized in air at 850°C for 24 h.
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Most of the Sn precipitates at the interface between the
scale and the alloy. Therefore, Sn has only small effects
on the diffusing processes in the scale. The morphology
of the scale formed on Ti-5Al-2.5Sn is similar to that of
typical scales formed on dilute Ti-Al alloys (with Al con-
tent varying from 3.65–10 wt%) [10].

Differences between conventional and
HIP alloys

The parabolic rate constants for the air oxidation of a
conventional Ti-6Al-4V [11] at 650°C, 750°C and 850°C are
of the same order of magnitude as those of the HIP alloy.
The scales formed on the conventional alloy are similar to
those grown on the HIP alloys. An Arrhenius plot of the
parabolic rate constant for the oxidation of HIP Ti-6Al-
4V, shown in Figure 10, yields an activation energy, Ea,
equal to 217 kJ/mol: this value is lower than that of the
conventional alloy (267 kJ/mol) [11], but close to that
found for the air oxidation of pure titanium (214 kJ/mol)
[10]. Thus, the oxidation resistance of Ti-6Al-4V made by
HIP in air is weaker than that of the cast alloy. This
difference may be caused by the larger density of grain
boundaries in the HIP alloy than that in the cast alloys.
Grain boundaries provide rapid diffusion channels and
may play an important role in the diffusion of all species
which controls the rate of growth of the scale and gen-
erates lower values of Ea.

The activation energy for the air oxidation of Ti-5Al-2.5Sn
calculated from the present data, about 255 kJ/mol, can-
not be compared with that for the corresponding

conventional alloy, never reported so far. It may only be
observed that this Ea value is rather close to that of the
conventional Ti-6Al-4V alloy and significantly larger than
that of HIP Ti-6Al-4V.

Conclusions

The air oxidation of the alloys Ti-5Al-2.5Sn and Ti-6Al-4V
produced by HIP followed the parabolic rate law at 650–
850°C, except for the oxidation of Ti-5Al-2.5Sn at 850°C
which obeyed the linear rate law. Lamellar scales were
formed on both alloys at 750°C and 850°C. The scale
formed on Ti-5Al-2.5Sn at 650°C was protective, while
the scales grown at the other two temperatures were com-
posed of a mixed outer layer of Al2O3 and TiO2 and an
inner layer of pure TiO2. The addition of Sn to Ti-based
alloy had negligible effects on the oxidation behavior,
while Sn was mostly segregated back into the base alloy.
Conversely, the scales grown on Ti-6Al-4V consisted of
alternating sub-layers of Al2O3 and TiO2 with Al2O3 prefer-
entially located in the upper side of the sub-layers.
Ternary addition of V decreased the Al activity in Ti-6Al-
4V, which resulted initially in the exclusive formation of
TiO2, leading later to the formation of sandwiched Al2O3

sub-layers. Due to the larger density of grain boundaries,
the oxidation resistance in air of the Ti-6Al-4V alloy made
by HIP is weaker than that of the conventional alloy.
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